ABSTRACT: We developed a high-throughput yeast-based assay to screen for chemical inhibitors of Ca 2þ / calmodulin-dependent kinase pathways. After screening two small libraries, we identified the novel antagonist 125-C9, a substituted ethyleneamine. In vitro kinase assays confirmed that 125-C9 inhibited several calmodulindependent kinases (CaMKs) competitively with Ca 2þ /calmodulin (Ca 2þ /CaM). This suggested that 125-C9 acted as an antagonist for Ca 2þ /CaM rather than for CaMKs. We confirmed this hypothesis by showing that 125-C9 binds directly to Ca 2þ /CaM using isothermal titration calorimetry. We further characterized binding of 125-C9 to Ca 2þ /CaM and compared its properties with those of two well-studied CaM antagonists: trifluoperazine (TFP) and W-13. Isothermal titration calorimetry revealed that binding of 125-C9 to CaM is absolutely Ca 2þ -dependent, likely occurs with a stoichiometry of five 125-C9 molecules to one CaM molecule, and involves an exchange of two protons at pH 7.0. Binding of 125-C9 is driven overall by entropy and appears to be competitive with TFP and W-13, which is consistent with occupation of similar binding sites. To test the effects of 125-C9 in living cells, we evaluated mitogen-stimulated re-entry of quiescent cells into proliferation and found similar, although slightly better, levels of inhibition by 125-C9 than by TFP and W-13. Our results not only define a novel Ca 2þ /CaM inhibitor but also reveal that chemically unique CaM antagonists can bind CaM by distinct mechanisms but similarly inhibit cellular actions of CaM.
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Calcium (Ca 2þ ) is a major cell signaling transducer that links cell stimuli to specific cell responses. A 10-fold increase in cytoplasmic Ca 2þ levels from 100 nM to 1 μM is a common response to a variety of cell stimuli, resulting in Ca 2þ binding to a variety of calcium binding proteins (1) . One of the most prominent calcium binding proteins is calmodulin (CaM), 1 which is evolutionarily conserved among all eukaryotic organisms. CaM contains four Ca 2þ binding EF-hand motifs and undergoes conformational changes upon binding of four Ca 2þ molecules. Consequently, two hydrophobic domains of CaM become exposed to the solvent, one on the N-terminal domain and one on the C-terminal domain, markedly increasing the affinity of Ca 2þ / CaM for many Ca 2þ /CaM binding proteins. This increased affinity leads to CaM binding and regulation of protein function in a Ca 2þ -dependent manner (reviewed in ref 2) , resulting in the transduction of the Ca 2þ signal into specific functions in the cell. Because ∼300 CaM-binding proteins have been described to date (3) , the range of Ca 2þ functions in the cell is very broad. Previous work from our laboratory has shown that a pathway regulated by the Ca 2þ /CaM-dependent enzyme kinase kinase β (CaMKKβ) in cells of the arcuate nucleus in the hypothalamus is necessary for the synthesis and release of NPY and AgRP factors that primarily regulate appetite (4) . The Ca 2þ /CaM/CaMKKβ signaling pathway regulates this process by phosphorylating and activating AMPK, a holoenzyme that consists of three subunits named R (catalytic), β, and γ (regulatory). The γ subunit confers AMP sensitivity to the enzyme complex, resulting in holoenzyme activation. The R subunit must be phosphorylated at T172 to confer maximum activity to the complex (5) . Three different kinases in mammals can phosphorylate and activate R-AMPK: LKB1, TAK1, and CaMKKβ (6) (7) (8) . However, in cells of the arcuate nucleus, Ca 2þ /CaM/CaMKKβ complexes only with the R and β subunits of AMPK, turning an otherwise AMP sensitive enzyme into a Ca 2þ sensitive enzyme (4) . Like CaM, AMPK is evolutionarily conserved in all eukaryotic organisms from yeast to mammals (9) . Yeast cells express subunits equivalent to R-AMPK (snf1), β-AMPK (Sip1, Sip2, Gal83), and γ-AMPK (snf4). AMPK activation is required for yeast to grow on media in which glucose is replaced by a different type of carbon source (raffinose, for example) (10) . In addition, snf1 must be phosphorylated at T210 (equivalent to T172 in mammalian R-AMPK), and such phosphorylation is catalyzed by one of the three yeast snf1 activators: Sak1, Tos3, and Elm1 (11, 12) . This pathway is so well conserved that any mammalian activator of AMPK (LKB1, TAK1, or CaMKKβ) can substitute for all three yeast activators (7, 13, 14) ( Figure 1A) .
On the basis of these similarities, we designed a strategy to identify inhibitors of the Ca 2þ /CaM/CaMKKβ pathway in yeast. We substituted either a mammalian CaM-dependent kinase (CaMKKβ) or a CaM-independent kinase (TAK1) for the yeast snf1p kinases. Incubation of the CaMKKβ yeast strain with a chemical library screened for inhibitors of the Ca 2þ /CaM/ CaMKKβ pathway ( Figure 1A 
EXPERIMENTAL PROCEDURES
Chemical Library Screening. The YPR1 yeast strain with three drug sensitizing mutations (Δerg6, Δpdr5, and Δsnq2; LEU2, TRP1, HIS6, MATR) (19) was obtained from J. D. York (Duke University Medical Center). Additional deletion of Sak1, Tos3, and Elm1 yeast genes was completed using Guldener's method (20) . The primers designed to create the loxP-Kan-loxP constructs specific for each gene disruption cassette are 5 0 -TA-TAGATTAAGATAAAACGAAAAGAAGCATATTAATA-AGGAGTTTTGAACCCAGCTGAAGCTTCGTACGC and  5  0 -TTAACATCGTAGTCCGATGGAAATTACTTTGAATT-TTACACGCATAGGCCACTAGTGGATCTG for Sak1, 5  0 -GC-GCACATATTCTGCATATAAAAAGGAAGCTTTGAAGA-ATCCAGCTGAAGCTTCGTACGC and 5  0 -TCATATATTA-CATCTATTAAAATAATTTACATATATCATGGCATAG-GCCACTAGTGGATCTG for Tos3, and 5  0 -ATAGATAT-TATTTTTTGAACGCCAGGTTAACAATAATTACTTAG-CATGAACCAGCTGAAGCTTCGTACGC and 5 0 -CGAT-TATCAGCTAACCCAATCCGACAGATATCATCCTGTA-GTTTCATGCATAGGCCACTAGTGGATCTG for Elm1. Expression of flag-rat Camkk2 in yeast was driven by the Cu-inducible yeast vector pCu416CUP1 (21) , obtained from D. J. Thiele (Duke University Medical Center), and expression of HA-mouse Tak1 was driven by the yeast vector pMM25 (7), obtained from M. Carlson (Columbia University, New York, NY). Both vectors contain URA as a marker. In preparation for the screening process, YPR1 ΔSak1, ΔTos3, ΔElm1 yeast was transformed with either the pCu416CUP1 Camkk2 vector or the pMM25 Tak1 vector and grown in URA selective medium (SC -ura, yeast nitrogen base without amino acids, 2% glucose). Both Prestwik (880 compounds) and PPD-Discovery (10057 compounds) chemical libraries were screened in this study. Each library contained compounds in DMSO at a concentration of 1 mM that were added to yeast culture wells at a final concentration of 10 μM. For the screening process, yeast was seeded in liquid medium containing raffinose as the main source of carbon (SC -ura mix, yeast nitrogen base without amino acids, 2% raffinose, 2 mg/mL antimycin) at a low density (650 cells/μL), and these low-density yeast cells were subsequently placed in aliquots of 200 μL per well in 96-well plates, followed by the injection of 2 μL of compound in DMSO (from the aforementioned chemical libraries) per well and incubation at 30°C for 48 h. In each 96-well plate, we had the following controls: 2 μL of DMSO, which allows yeast growth; 0.5 μM radicicol, which inhibits the growth of yeast in response to Tak1 but not Camkk2; and 5 μM radicicol, which inhibits growth of yeast in response to Tak1 or Camkk2. Yeast growth was monitored 48 h after addition of drugs by optical density measurements (OD) at 600 nm. Any well with <25% OD versus DMSO control wells was considered growth-inhibited.
Synthesis of Compound 125-C9. New compound 125-C9 was synthesized as an HCl salt. Details of the synthesis are described in the Supporting Information and shown in Scheme 1S of the Supporting Information.
Kinase Assays. CaMKKβ was purified from HEK-293 cells overexpressing Flag-Camkk2 [from rat (22) ] using anti-Flag-M2 resin (Sigma) as previously described (4); trimeric AMPK (AMPKR1 D139A, without kinase activity and thus the ability to autophosphorylate, β1 and γ1) was expressed and purified from bacteria as previously described (23) . CaMKKβ kinase assays were performed via addition of Flag-CaMKKβ to the mix at a final concentration of 40 nM, in a reaction previously described (24) , except that 3.5 μM trimeric AMPK was used as a substrate and a range of 125-C9 concentrations from 0.025 to 10 μM were added. CaMKI was purified from bacteria as GST-CaMKI, and CaMKI activity was assayed via addition of GST-CaMKI to the mix at a final concentration of 12 nM. The reaction took place using ADR-1 peptide as a substrate, as previously described (25) , except that a range of 125-C9 concentrations from 0.1 to 10 μM were added. CaMKII 1-325 [CaMKII missing only the association domain (New England Biolabs), and thus without the ability to autophosphorylate] was used to assess inhibition of Ca 2þ /CaM-dependent CaMKII activity by 125-C9 in vitro. Truncated CaMKII was added to the reaction mix to a final concentration of 5.5 nM. The reaction proceeded as previously described (26) , except that a range of 125-C9 concentrations from 0.1 to 10 μM were added. To assess inhibition of CaMKII autonomous activity by 125-C9 in vitro, full-length CaMKII (Calbiochem) was used, allowing for autophosphorylation and thus Ca 2þ /CaM-independent activity. Fulllength CaMKII was initially autophosphorylated by incubation at 30°C for 10 min in a solution containing 50 mM HEPES (pH 7.0), 10 mM MgCl 2 , 100 μM ATP, 1 mM CaCl 2 , 1 μM CaM, 0.5 mM dithiothreitol, and 0.5 mg/mL BSA. This reaction mixture was then chilled to 4°C, and inhibition of CaMKII autonomous activity by compound 125-C9 was assessed by addition of autophosphorylated CaMKII to the reaction mix at a final concentration of 3.7 nM in the presence of Ca 2þ (to monitor total CaMKII activity) or EGTA (to monitor autonomous activity) as previously described (26) , except that a range of 125-C9 concentrations from 0.1 to 10 μM were added. To assay the ability of 125-C9 to inhibit non-CaM-dependent enzymes, wild-type (WT) trimeric AMPK (WT AMPKR1, -β1, and -γ1) was purified as described previously (27) . Trimeric AMPK was phosphorylated by CaMKKβ in a reaction mix as described above for the CaMKKβ assay, except that no [γ-32 P]ATP was present, CaMKKβ was still bound to Flag-antibody beads, and the reaction continued for 30 min, phosphorylating more than 90% of AMPK. The AMPK phosphorylation was followed by removal of CaMKKβ by centrifugation (12000 rpm for 3 min). Phosphorylated trimeric AMPK was assayed for 125-C9 inhibition via addition of the enzyme to the reaction mix to a final concentration of 6.1 nM, and the reaction proceeded as described elsewhere (28) with a range of 125-C9 concentrations from 0.1 to 10 μM. For more details of the kinase assay reactions, see the Supporting Information.
Isothermal Titration Calorimetry. Binding of 125-C9, trifluoperazine, and W-13 to Ca 2þ /CaM was analyzed by ITC using a VP-ITC instrument (Microcal Instruments) at 25°C (unless otherwise stated) in 50 mM HEPES buffer (pH 6.95), 150 mM KCl, and 2 mM CaCl 2 . The CaM concentration was 50 μM, whereas the ligand concentration was 3 mM (125-C9, trifluoperazine) or 10 mM (W-13). Using these conditions, ITC experiments yielded plots typified by that in Figure 1S of the Supporting Information, displaying raw power output versus time of 125-C9 injection into the cell containing CaM (top panel) and the corresponding integrated enthalpy changes (ΔH) versus 125-C9:CaM molar ratio. For Ca 2þ -independent binding analysis, 2 mM CaCl 2 was replaced with 2 mM EGTA; all other buffer components remained constant. Heats of dilution were measured via injection of the ligand into the protein-free buffer, and the value obtained was subtracted from the overall heat of reaction to yield the observed heat of binding. Changes in heat capacity (ΔC p ) were obtained from the slope of the plots of ΔH versus temperature after measurement of ΔH for interactions at 15, 25, 45, and 60°C (29) . Competition assays were conducted by mixing 50 μM CaM in ITC buffer with the indicated competing agent at the indicated ratios prior to titration with the corresponding CaM antagonist. Proton transfers were assessed using 50 mM HEPES, 50 mM cacodylate, 50 mM MOPS, or 50 mM Tris buffer at pH 6.95 with 150 mM KCl and 2 mM CaCl 2 . The number of released protons was obtained from the slope of the plot of ΔH observed versus ΔH ionization (30) . Data were analyzed using MicroCal Origin version 5.0 and were fitted with the sequential binding model, permitting estimation of the affinity constant (K a ), enthalpy changes (ΔH), entropy changes (ΔS), and stoichiometry (n).
Inhibition of Cell Cycle Re-Entry by CaM Antagonists. WI-38 cells were withdrawn from the cell cycle to the G0 phase by serum starvation and released back into proliferation by addition of 10% fetal bovine serum to the medium as previously described (31) . 125-C9, TFP, or W-13 was added to culture media simultaneously with 10% fetal bovine serum to stimulate re-entry into the cell cycle. Cells were kept in media for 21 h. After this period, cells were harvested and fixed and their DNA was stained with propidium iodide for analysis of apoptosis and cell cycle phases as previously described (31) .
RESULTS

Yeast-Based Screening of Chemical Small Libraries.
Screens of two small libraries of compounds (Prestwick and PPD Discovery) yielded hundreds of compounds that inhibited yeast growth of both Camkk2 and Tak1 strains, so these compounds were considered either toxic or nonspecific (example in Figure 2S of the Supporting Information). However, a number of compounds preferentially inhibited Camkk2 yeast growth: one compound from the Prestwick library (clomiphene citrate) and nine compounds from the PPD library (see Figure 2S of the Supporting Information). Clomiphene citrate inhibits CaMdependent CaMKKβ activity in vitro with low affinity at 100 μM (results not shown); moreover, clomiphene citrate has been previously described as a possible CaM inhibitor (32) and therefore was not novel. However, none of the nine inhibitory compounds from the PPD library had been previously described. All inhibitors are substituted ethyleneamines, and these compounds inhibit CaMKKβ activity in vitro to various degrees (results not shown). The most potent compound, Compound 125-C9 Inhibits CaM-Dependent Kinases in Vitro. 125-C9 was synthesized as the hydrochloride salt, as described in the Supporting Information and shown in Scheme 1S of the Supporting Information. This form of the compound is highly soluble in H 2 O at epH 7.0 and was used for all subsequent in vitro analysis. We first characterized the ability of 125-C9 to inhibit CaMKKβ activity in vitro. CaMKKβ assays using AMPK (full-length protein) as a substrate showed that compound 125-C9 inhibits CaMKKβ activity in vitro in a dosedependent manner (Figure 2A ). We then determined the mechanism by which the compound inhibits CaMKKβ with kinase assays with various concentrations of several components: ATP, substrate (AMPK), and CaM. Variations in ATP and substrate concentration did not alter the kinetics of inhibition of CaMKKβ by 125-C9 (results not shown). However, increased concentrations of CaM displaced the inhibitory curve of 125-C9 to the right (Figure 2A ). The estimated IC 50 value of 125-C9 ranged from 4.6 to 260 μM depending on the CaM concentration in the assay (see Table 1S of the Supporting Information for IC 50 values obtained for CaMKKβ with different CaM concentrations). These results indicate that 125-C9 inhibits CaMKKβ competitively with CaM.
We tested the specificity of 125-C9 for CaMKKβ in vitro by monitoring its ability to inhibit the activity of other CaM-dependent kinases. We found that 125-C9 also inhibits CaMKKR activity (the other member of the CaMKK subfamily) in a CaM-competitive manner (results not shown). As the inhibition in both cases is competitive with respect to CaM, we tested the inhibitory ability of 125-C9 on other CaM-dependent enzymes such as CaMKI and CaMKII. Although normally CaMKI must be activated by phosphorylation at T177 by a CaMKK, it phosphorylates the substrate peptide ADR1 equally well without such activation (25) . To avoid misinterpretations due to the effect of 125-C9 on CaMKKs, the analysis of 125-C9 was performed on unphosphorylated CaMKI using ADR1 as the substrate. The results show that 125-C9 also inhibits CaMKI in a CaM-competitive manner ( Figure 2B ). In addition, 125-C9 inhibits CaMKI activity in a CaM-competitive manner when CaMKI is preactivated by CaMKKβ with synapsin site I peptide as the substrate (results not shown). Similar to CaMKKβ and CaMKI, 125-C9 also inhibits CaMKII activity in a CaM-competitive manner using autocamtide-2 as the substrate ( Figure 2C ). These results reveal that 125-C9 inhibits several CaM-dependent kinases.
This observation led us to question whether 125-C9 inhibits only CaM-dependent kinase activity. We tested this idea using two different enzymes: a CaMK that is no longer dependent on CaM and a kinase that does not belong to the CaMK family. In the first case, we used autophosphorylated CaMKII, since autophosphorylated CaMKII has Ca 2þ /CaM-independent activity (33) . Full-length CaMKII was first incubated for 10 min in the presence of unlabeled ATP to increase the level of autophosphorylation and subsequently was incubated with a range of concentrations of 125-C9, substrate autocamtide-2, labeled ATP, and EGTA to demonstrate its Ca 2þ /CaM-independent activity. As predicted, autophosphorylation induced autonomous activity, since EGTA activity was shown to be almost equal to Ca 2þ /CaM activity ( Figure 2D , at a 125-C9 concentration of 0 μM). Importantly, 125-C9 no longer inhibited CaMKII activity, since high concentrations of the compound (100-1000 μM) have an only minimal effect on autophosphorylated CaM-KII activity in the presence of either Ca 2þ /CaM or EGTA ( Figure 2D ). In the second case, we used AMPK as a kinase that does not belong to the CaMK family. The kinase activity of AMPK is not inhibited by 125-C9 as shown by in vitro activity assays ( Figure 2E ). These results indicate that 125-C9 inhibits only CaM-dependent kinase activity and does not affect kinases with activity independent of CaM.
125-C9 Binds Directly to CaM. We performed ITC to determine whether 125-C9 binds CaM-dependent kinases (for example, CaMKI), or CaM itself. Injection of 125-C9 into the cell containing the CaMKI sample gave no binding signal ( Figure 3S (Table 2S of the Supporting Information). The χ 2 value reached a minimum for curves fitting five or more binding sites, suggesting that five molecules of 125-C9 bind one molecule of CaM. The association constants for the five binding sites under our experimental conditions using HEPES buffer ranged from 3.32 Â 10 6 M -1
for the highest-affinity site to 5.8 Â 10 3 M -1 for the lowestaffinity site (Table 1) . On the basis of our data, the dissociation constant values for the first two molecules of 125-C9 binding to CaM are 1.4 and 0.3 μM, respectively, which are consistent with 125-C9 inhibition of CaM/CaMK activity at low micromolar concentrations ( Figure 2 and Table 1 Since ΔH observed is the result of several factors, including binding enthalpy (ΔH binding ) and the transfer of a proton between the complex and buffer, we could not conclude from these data alone whether the binding of 125-C9 to CaM is also accompanied by a favorable binding enthalpy. However, we will address this issue below. A favorable entropy upon binding of 125-C9 to CaM contrasts with the cases of other well-known CaM antagonists such as TFP and W-13, whose binding to CaM is basically mediated by favorable enthalpy only (refs 34 and 35 and Table 3S of the Supporting Information).
To determine the contribution from the heat of ionization, we analyzed binding of 125-C9 with CaM using four buffers with differing heats of ionization (ΔH ionization ): cacodylate (-0.6 kcal/ mol), MOPS (5.3 kcal/mol), HEPES (5.7 kcal/mol), and Tris (11.4 kcal/mol) (36) . The slope of the plot of ΔH observed versus ΔH ionization indicates that binding of 125-C9 to CaM results in the loss of two protons by the complex ( Figure 3C ). As shown in Figure 3C , binding of 125-C9 to CaM changes from an exothermic reaction to an endothermic one in a buffer-dependent manner. The estimated ΔH binding in an ideal buffer with a null heat of ionization is 7.5 ( 3.4 kcal/mol, indicating that binding is actually endothermic. Therefore, binding of 125-C9 to CaM is driven solely by entropy, since ΔH binding is endothermic, and results in the release of two protons.
Compound 125-C9 Binds CaM at Overlapping Sites for TFP and W-13. Because 125-C9 binds CaM with affinities similar to those of classic CaM antagonists such as trifluoperazine (TFP) and W-13, we performed ITC competition assays to assess whether the CaM sites that bind 125-C9 are unique or overlap with the binding sites of these other compounds. On the basis of ITC analysis, TFP has been previously shown to bind CaM at a ratio of 5:1 (TFP:CaM) (ref 34 and our results). Our titrations suggest that 125-C9 binds CaM at five sites in the absence of TFP, as mentioned above (Table 1 and Figure 4A with W-13 competition, respectively ( Figure 4C and Table 4S of the (Table 4S of the Supporting Information) . Overall, these results are consistent with a model of binding in which 125-C9 and W-13 compete for common sites in CaM and TFP also competes with W-13 for common sites.
Since there are common CaM binding sites for 125-C9, TFP, and W-13, we sought more information about the mechanism of binding of each compound by measuring the change in heat capacity (ΔC p ). At a low temperature (5°C), we noticed that binding of the antagonist did not occur (W-13) or occurred at a number of sites smaller than the number observed at higher temperatures (125-C9); therefore, a range of temperatures from 15 to 60°C was used. TFP shows a positive ΔC p , although the fit to the data for this compound was poor ( Figure 5 ), suggesting either partial denaturation of the protein or a changing binding mechanism as a function of temperature. On the other hand, W-13 and 125-C9 show negative ΔC p values with good linear fits ( Figure 5 and Table 2 ). However, the absolute value for W-13 is -3.7 kcal mol
, much higher than the value for 125-C9 (-0.7 kcal mol
). Overall, these results add to the previously discussed evidence that TFP, W-13, and 125-C9 may have different mechanisms for binding CaM.
125-C9 Enters into Cells and Inhibits Re-Entry of G0 Cells into the Cell Cycle. Because 125-C9 binds to CaM with an affinity comparable to that of TFP and W-13, we tested whether it would inhibit a CaM-dependent process in living cells in a comparable way. For this purpose, we monitored the effect of 125-C9 on cell cycle re-entry of quiescent cells, as CaM plays a primary role in this process. We tested 125-C9 on WI-38, a human cell line previously used to study the role of CaM in the transition from quiescence into cell proliferation (37) . In a preliminary experiment, 10 μM 125-C9 prevented an increase in the number of WI-38 cells during a 4 day incubation, but after the antagonist had been washed away, cells resumed their growth (results not shown). This result indicates that the inhibitory effect of 125-C9 is reversible, which has been shown for TFP and W-13 (31, 38) . We used concentrations of TFP of up to 15 μM and concentrations of W-13 of up to 30 μM based on toxicity concerns, because these doses have been previously shown to almost completely inhibit cell proliferation but not pose a toxicity threat (31, 38, 39) . Because of the similarities between 125-C9 and TFP in binding CaM, we chose a similar range of concentrations for 125-C9. First, we tested the survival of WI-38 cells with 21 h CaM antagonist incubations. The toxicity of the compounds tested is shown in Figure 6A : 125-C9 induces apoptosis in 9.6% of the cell population at 15 μM, while it does not induce apoptosis at 10 μM (0.71%, based on fragmented DNA). Similarly, TFP shows only background apoptosis at both 10 and 15 μM, while W-13 also shows background apoptosis up to 30 μM. These results indicate that 125-C9 can be safely used in mammalian cell lines for periods of time of 21 h at concentrations of up to 10 μM.
To test the ability of 125-C9 to inhibit cell proliferation at 10 μM, the effect of 125-C9 on quiescent WI-38 cells stimulated to re-enter the cell cycle was analyzed. 125-C9 blocks cells in the G1 phase at 10 μM, as shown by the increase in number of cells in the G1 phase from 70% in untreated control cells to 92% in 125-C9-treated cells ( Figure 6B ). This effect is similar to that of TFP at 15 μM and W-13 at 30 μM ( Figure 6B ). All three CaM antagonists prevent the transition into the S phase, as shown by a decrease in the population in the S phase from 7% in untreated cells to 2-3% in antagonist-treated cells ( Figure 6C ) and a decrease in the population in the G2 and M phases from 22% in untreated cells to 4-6% in antagonist-treated cells ( Figure 6D ). In conclusion, 125-C9 inhibits CaM in cells in a manner similar to, but slightly better than, that of TFP and W-13.
DISCUSSION
In this study, we successfully used a simple high-throughput yeast strategy to screen two libraries of compounds and identified the compound with the highest affinity for CaM as 125-C9. Additionally, we identified specific similarities and differences between 125-C9 and two of the best characterized CaM antagonists, TFP and W-13. The approach presented here can be applied to larger libraries and to proteins other than those in the CaMKKβ pathway.
This approach is successful because our gene of interest (CaMKKβ) is part of an evolutionarily conserved pathway among eukaryotic cells [the snf1p/AMPK pathway (9)]. In addition, our method is simple because only a small number of controls are required. These controls are (a) an alternative activator of snf1p different enough from the protein of interest to distinguish specific inhibitors from nonspecific inhibitors, (b) a known inhibitor compound to test each plate for drug sensitivity, Table 2 for additional information. and (c) vehicle alone. In our study, we used TAK1 as the alternative activator because it is a mammalian activator like CaMKKβ but is not Ca 2þ /CaM-dependent. We used radicicol as the inhibitor control and DMSO as the vehicle in each 96-well plate because radicicol has been described as a selective TAK1 inhibitor (40) , and DMSO is the vehicle for the compounds in the chemical libraries. Finally, we had a drug-sensitized yeast strain available to allow enough inhibitor inside the yeast cells, thereby increasing the sensitivity of the assay. Moreover, using cell growth as the indicator (monitored by the optical density at 600 nm) contributes to the simplicity of the screening process. Although it is not the first time that yeast, with more sophisticated experimental designs, has been used for screening purposes [for example, screening for aptamers that regulate transcription by transfecting yeast with a library of constructs containing GFP linked to the aptamers (41)], to the best of our knowledge this is the first time this strategy has been used to screen a library of small molecules. We suspect we did not find any inhibitors that directly target CaMKKβ because of the limited number of compounds (<11000) in the chemical libraries. However, the strategy has been proven to be successful since the assay has produced effective inhibitors for the CaMKKβ activator CaM.
125-C9 directly binds to CaM to inhibit CaM-dependent enzymes as shown by our ITC experiments and in vitro kinase assays. Unlike binding of antagonists TFP and W-13 to CaM (34, 35) (and Table 3S of the Supporting Information), binding of 125-C9 to CaM is not enthalpy-driven, since ΔH binding is unfavorable, at least near room temperature. Instead, binding of 125-C9 to CaM is driven by entropy, which suggests the interaction is due mostly to hydrophobic interactions. This is supported by the loss of two protons we observe during binding at pH 6.95, a loss consistent with a decrease in polarity and an accompanying shift in pK a . Moreover, protonation changes during an interaction are consistent with the observed decrease in water solubility (thus, increased hydrophobicity) of compound 125-C9 at higher pH values. As stated in Results, at pH g7, 125-C9 becomes less soluble in water, which predicts a favorable interaction with the hydrophobic pockets of CaM. The negative slope of the plot of ΔH observed versus ΔH ionization indicates that the 125-C9-CaM complex loses two protons, which is consistent with the protonation of 125-C9 at slightly acidic pH values before formation of the complex. The two protons released by the complex most likely do not come from CaM because at neutral pH only histidine (pI 7.59) is thought to release protons and CaM has only one histidine residue. On the other hand, 125-C9 contains three amines ( Figure 1C ) that would be predicted to be protonated at the pH used in this study (pH 6.95), and the loss of two of these charges upon interaction with CaM would facilitate favorable hydrophobic interaction. Interestingly, compound 125-C9 seems to be different from all peptides analyzed so far in that its interaction with CaM results in the release of two protons. Indeed, binding of peptides derived from different CaM-dependent proteins, such as smMLCK, melittin, and CaMKII, results in no change in protonation (42) (43) (44) (45)]. Interestingly, the ΔC p for W-13 is much larger, indicating that the binding mechanism of W-13 and CaM may be different from that of 125-C9 and CaM. On the other hand, we did not obtain a good fit for the ΔC p of TFP, possibly due to the fact that the central helix of CaM (residues 73-77) partially unwinds to form a loop at >25°C, an event previously inferred from differential scanning calorimetry studies (42) . A similar situation has been described for the CaM binding smMLCK peptide, for which ΔH decreases linearly relative to temperature increases only up to 25°C, but linearity is lost as the temperature increases to 35°C (42) . This observation also suggests that W-13 does not contact the central helix of CaM [similar to the previously observed binding between W-7 and CaM (46) ] and that 125-C9 possibly does not interact with the central helix in the same way TFP does.
Although structural studies would be necessary to confirm these results, our data are consistent with 125-C9 binding CaM at five different sites. χ 2 values decrease consistently as the stoichiometry of the sequential binding sites model is increased from one to five in HEPES buffer (Table 2S of the Supporting Information) as well as cacodylate, MOPS, and Tris buffers (results not shown). In addition, a model of six binding sites does not further improve fitting on the basis of χ 2 values, indicating that the five-binding site model is optimal. Binding parameters such as association enthalpy and entropy change only slightly from a model of four binding sites to one of five binding sites. Although we are confident of the stoichiometry, given the large number of variables and limited number of data points for an ITC curve (typically 58 injections per experiment), the curve fitting is underdetermined. Thus, the tabulated K a and ΔH values for each molecule of 125-C9 binding to CaM are estimates subject to considerable error and should not be overinterpreted.
We believe TFP and 125-C9 bind CaM at overlapping sites on the basis of three observations. First, the competition is dosedependent. Second, the reverse competition experiment (CaM preincubation with 125-C9 and subsequent injection of TFP) prevents binding of TFP to any sites. Third, W-13, which likely shares two binding sites with TFP, also prevents binding of 125-C9 to CaM at one site and decreases the affinity of 125-C9 for another site. Since the published crystal structures indicate that the hydrophobic rings of phenothiazines (TFP) and naphthalenesulfonamides (W-7) interact with the two hydrophobic pockets of CaM (46, 47), it is not surprising that 125-C9, which contains aromatic rings, competes with both TFP and W-13 for binding to CaM at the hydrophobic pockets. Indeed, the competition assays favor a model for binding of CaM to 125-C9 with five sites, including the two hydrophobic pockets in which W-7 and TFP bind. On the basis of the crystal structure, W-7 binds to CaM at two particular sites: the C-terminal hydrophobic and the N-terminal hydrophobic pockets (46) . We assume that W-7 and W-13 bind to CaM in a similar manner, since both are chloronaphthalenesulfonamide-derived compounds, and both bind to CaM at a ratio of 2:1 (antagonist: CaM) with similar affinities as determined by ITC (35) . Consistent with the model of binding of 125-C9 to CaM we propose, 125-C9 completely displaces binding of W-13 to one hydrophobic pocket and decreases the affinity of W-13 for the other hydrophobic pocket. Nevertheless, ITC alone does not prove that the sites are the same, since the results could also be interpreted as binding of 125-C9 to overlapping sites, or by induction of a change of conformation in CaM upon binding the first molecule of 125-C9 such that binding of W-13 to the other site is prevented. However, two facts support our model of binding of 125-C9 to the two CaM hydrophobic pockets: TFP also binds to the two hydrophobic pockets on the basis of the crystal structure, and our competition assays between TFP and W-13 show a parallel with the competition between 125-C9 and W-13.
Two major features are required for a compound to antagonize CaM: a hydrophobic group to interact with the hydrophobic pockets of CaM and a positively charged moiety to interact with negative charges in CaM (48, 49) . These two features have been confirmed in both crystal and NMR structures of phenothiazine and naphthalenesulfonamide compounds (46, 47) . 125-C9 contains three benzyl rings, accounting for its hydrophobic properties. We propose that either one or two benzyl rings fit into the hydrophobic pocket and establish contacts with hydrophobic residues such as Met 124, Met 144, and Val 136 of the C-terminal pocket, as W-7 and TFP do (46, 47, 50) . 125-C9 also contains three amino groups, which account for positive charges at acidic pH (see the structure in Figure 1 ). Although upon interaction of 125-C9 with CaM there is a loss of two protons, the remaining protonated amino group may establish electrostatic interactions with side chains from negatively charged residues such as Glu 127, as TFP does (47) .
125-C9 enters into living mammalian cells and inhibits their proliferation as well as TFP and W-13, as shown by our experiments with cell cycle inhibition. The use of CaM antagonists to inhibit cell proliferation for therapeutic purposes does not seem practical because of the broad range of effects expected from inhibiting a protein with so many functions (3). However, the usefulness of CaM antagonists to fight cancer is still a possibility because of the double role of CaM in cancer: cell proliferation and multidrug resistance. Indeed, cancer cells with multidrug resistance have elevated intracellular levels of Ca 2þ or CaM (51) , which accelerates the efflux of drug from the cells (52). The particular mechanism by which Ca 2þ /CaM mediates this effect is unknown, but a correlation has been established between inhibition of CaM by different CaM antagonists and multidrug resistance reversal (reviewed in ref 53). On the other hand, the positive role of CaM in cell proliferation has been widely documented [for example, see the review by Kahl and Means (37) ]. These studies suggest that the combination of CaM inhibition with other anticancer drug treatments offers a real promise of therapeutic benefits (53) . Additionally, different CaM antagonists may have different potencies regarding this effect.
In summary, our thermodynamic study demonstrates that 125-C9 directly binds to CaM in a calcium-dependent manner, most likely with a ratio of five molecules of 125-C9 per molecule of CaM. In addition, we have determined that the interaction is entropically driven, with an unfavorable enthalpy of binding near room temperature. This observation and heat capacity studies suggest an important role for hydrophobic interactions during the binding of 125-C9 to CaM. Competition experiments have shown that 125-C9 competes for binding sites with both TFP and W-13 and may bind with similar affinities in conserved sites. Lastly, the differing values of heat capacity for each ligand-protein pair indicate that although binding sites may be conserved, the mechanism of binding is most likely different for each compound.
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